During data taking a potential of 390 V was applied across a)
The outer layers are aimed to mechanically reinforce the field cage and electrically insulate the high voltage. They consist of Kapton-foils, a honeycomb structure and glass fiber reinforced plastic (GRP). Finally, an aluminum layer is used for electrical grounding and shielding. The material budget of the drift cylinder is about I % X o . On one of the endcaps a copper cathode plate is mounted on insulating pillars.
The other endcap is equipped with the anode plane made of copper, where a quadratic area is spared to mount the triple-GEM stack. The GEM stack is made off standard CERN GEMs with a hexagonal hole pattern with a pitch of 140~m and hole sizes of 60-70~m. The GEMs are mounted with a spacing of I mm inbetween (transfer gaps). The induction gap between the last GEM and the readout plane is also 1 mm (see figure 2a). A modular and very flexible TPC prototype with a cylindrical drift volume has been setup at Bonn (see figure I) . The maximum drift distance and the outer diameter are both 26 cm. The drift cylinder was designed and constructed at the RWTH Aachen, Germany, [5] and is made up of a sandwich structure: The innermost layer is a Kapton-foil with copper ring electrodes on both sides. These electrodes have a width of 2.0 mm and are placed at a pitch of 2.8 cm. The outer electrodes are displaced by half a pitch with respect to the inner electrodes to minimize the electrical field distortions. A resistor chain with 890 MO in total ensures that the correct electrical potential is applied to the individual ring electrodes.
I. INTRODUCTION
T IME Projection Chambers [I] have seen a boost in performance with the advent of Micro-Pattern Gas Amplification Stages such as Gas Electron Multipliers (GEMs) [2] . Among many desirable properties, such as high rate capability and intrinsic suppression of ion back flow, these devices allow better spatial resolution due to their high granularity (see e. g. reference [3] ). To fully exploit their potential the segmentation of the readout plane should be adapted to the pitch of the gas amplification stage. The Timepix chip [4] features a pixel size of 55 x 55~m2 as well as an arrival time mode and a charge integrating TOT (time over threshold) mode. Therefore, it is well suited for the use in a Time Projection Chamber.
Abstract-A Time Projection Chamber with a maximum drift distance of 26 cm was equipped with a triple GEM and a high resolution pixel readout. This detector was set up in a cosmic ray test-stand and 40000 tracks have been recorded. It was shown, that the transverse spatial resolution in dependence on the drift distance was close to the diffusion limit of single electrons. In an electron test beam with an energy of 0.5 GeV it could be demonstrated that the data show no significant dependence on the track inclination within the pad plane. each GEM. The electrical field configuration was 500 V/cm in the drift region, 2500 V/cm between the GEMs (transfer fields) and 3500 V/cm in the induction gap. For all studies a gas mixture of Ar-C0 2 (70:30) was used. The readout plane is segmented in four large pads, which were used only during commissioning and were grounded during data taking. A 1.6 x 1.6 cm 2 area was spared, so the readout chip could be mounted at the same level as the readout plane. Figure 3 shows the readout area with and without the GEM stack.
Two scintillators were placed above and below the drift volume to give a trigger signal on vertical cosmic rays. This setup was operated for more than one month collecting a dataset of about 40000 reconstructed tracks.
III. CHIP OPERATION
The Timepix chip is a derivative of the Medipix2 chip and described in detail in reference [4] . It features 256 x 256 metallized bond pads, that are aligned with a pitch of 55 J.tm. These bond pads are used to collect the electrons released by the GEM stack into the induction gap. Upon receiving the trigger signal from the two scintillators, an external shutter signal is generated, which was set to 30 J.tS according to the maximum drift time. During this span of time each pixel can be operated in one of 4 different modes, of which the arrival time mode and the integrating TOT mode are most important in the TPC application. In the arrival time mode the time between the first signal on the pixel and the end of the shutter signal is measured, whereas in the TOT mode the charge integrated on the pixel during the whole shutter time is determined. Due to the diffusion in the GEM stack, even signals from single electrons are spread over a large number of pixels. This is why the chip can be operated in a checker-board pattern with one pixel measuring the arrival time and its direct neighbors measuring the charge. Figure 2b shows the zoomed signal of a single hit: Pixels operated in the arrival time mode show a common value (encoded by the color red) since all pixels were triggered at the same time. Pixels operated in the TOT mode show a variety of colors corresponding to the range of charge collected by each pixel.
The communication between user and Timepix chip was done with the help of the MUROS2 readout electronics developed at NIKHEF, Amsterdam, and the Pixelman-Software [6] developed at the University or Prague.
IV. DATA ANALYSIS
The data was analyzed with the help of the MarlinTPC package, which was also presented at this conference [7] . A set of special analysis tools had to be developed for dealing with charge clusters of single or multi-electron hits rather than charge clusters integrated over pad rows. Some of the contributions to the framework shall be shortly described. Detailed information can be found in reference [8] .
• Cluster separation: Due to diffusion within the GEM stack signals from individual hits are broadened and may overlap with close-by hits. To separate these hits the axis of the overlapping hits is determined with the help of a linear regression. The charge of each pixel is projected onto the axis. Finally local minima and maxima are searched and the hits are separated at the minima by splitting the hit perpendicular to the axis. • Track finding: Due to diffusion and attachment no continuous track can be detected, therefore individual clusters have to be identified and joined to a track. This is done with a Hough-transformation in the 2 dimensions of the readout plane. • Track fitting: The final track parameters are determined by a linear regression.
V. RESULTS -HIT PROPERTIES
Throughout this paper the charge deposition is called hit, independently of how many single or multi-electron primary clusters contribute. After reconstruction these hits are split according to the aforementioned algorithm into several smaller hits if possible. The hit parameters were studied in dependence on the drift distance z. Figure 4 shows the cluster size in number of pixels. For short drift distances the cluster size increases, which can be explained by assuming that most hits consist of several primary electrons. If each electron creates a charge cluster of similar size, then the hit size increases when electrons are separated more and more by diffusion, but the signals are too close to be separated yet. At the same time an increasing number of hits can be split by the cluster separation algorithm into smaller hits, since diffusion has spread the electrons sufficiently. Both processes, the increase in hit size and the hit separation, are subject to the statistical influence of diffusion, and a balance between the two processes is reached at z~20 mm. For longer drift distances the hit size decreases and finally converges asymptotically to the size given by single electrons.
In figure 5 the charge per hit is shown in dependence on the drift distance. Again, an asymptotic decrease due to the hit separation is observed. Likewise the number of hits per track shown in figure 6 increases asymptotically for the same reason.
Due to the increasing probability of separating larger hits into smaller hits, the cluster charge decreases, while the number of hits per track increases with z. 
A. Dependence on Drift Distance
To ensure a good quality of the data, only single track events and tracks with more than four hits were accepted for the analysis. The drift distance was divided into slices of I cm thickness. For each slice the transverse spatial resolution was calculated. The result is shown in figure 8 . Additionally the following formula was assumed to describe the data: the track are determined and histogrammed. The width of the distribution of these residuals is called aN. Then for each hit the track parameters are recalculated by using the information of all hits associated to the track except the one hit under study. Only the residual of this hit to the newly defined track is determined. This process is iterated over all the hits of a track giving a histogram of the width aN -1. It can be shown (see reference [9] ) that the spatial resolution aCeo is given by the geometric mean: aCeo = JaN' aN-1' To get a high statistics sample of hits, a 90Sr-source was placed at the end of the detector and the shutter signal for the Timepix readout was triggered by a static pulse generator. In this measurement, only the hits' centers of gravity in the readout plane were reconstructed. Figure 7 shows the histogram of the hit positions in a small section of the readout plane. Clearly the reconstructed positions cluster at regular intervals corresponding to the hole pattern of the GEM. This indicates that the spatial resolution of the Timepix is significantly better than the one of GEMs and a constant contribution to the transverse spatial resolution can be expected.
VII. RESULTS -TRANSVERSE SPATIAL RESOLUTION
The transverse spatial resolution is defined by the geometric mean method: The residual of each hit's center of gravity to where ao is the intrinsic detector resolution, D t the transverse diffusion coefficient in~mIvern and nel e the number of primary electrons contributing to a hit. In accordance with the results described in section V the number nel e was not 50 rT""T""T""T"T"T'T""T..,..-r,......-r-rT""T""T""T"T"T'T""T""1""T"1r-r-r-rT""T"T'T""T"T""T""T"""""'rT""T""T""T"T"TT""T"1 S. than predicted by MagBoltz [10] . This can be explained by impurities and an imprecise gas mixture. The nele-dependence on the drift distance according to the fit is shown in figure 9 . It indicates that for very short drift distances, hits are made of up to 6 primary electrons.
B. Dependence on Track Inclination
In an additional experimental setup, the detector was placed in the secondary electron beam of the ELSA-accelerator at Bonn. The primary electron beam with E e = 3.2 GeV could not be extracted, but had to be converted at a target into a high energetic photon beam. These photons were then converted back into an electron positron-pair via the pair production process in the first scintillator. The lepton pair was separated by a small permanent magnet and leptons with E~0.5 GeV were used for tracking studies (see figure 10 for a schematic depiction of the process).
With this beam the transverse spatial resolution in dependence on the track inclination in the readout plane was studied in steps of about 10°. As expected figure 11 shows quasi no dependency on the track inclination. A small systematic VIII. SUMMARY For the first time the combination of a GEM amplification stage and a pixelized readout chip were placed in a TPC with long drift distance (26 cm). This combination was operated successfully for over one month collecting 40000 tracks of cosmic rays. It was also tested with radioactive sources and in a 0.5 GeV electron test beam. The declustering of primary electron clusters through diffusion could be observed.
increase towards larger angles is mostly due to an offset of the chip position from the detector center resulting in a correlation of the angle and a shift in electron energy. 
